
Never throw away old data:
using TWIST muons for Mu2e

Andrei Gaponenko 2015-02-06



Outline

I Mu2e
I Muon nuclear capture
I TWIST
I The analysis
I Preliminary results
I Prospects: hit based channel
I Conclusion

Andrei Gaponenko 2 2015-02-06



Mu2e reminder

Production solenoid (PS)

Production target

Transport solenoid (TS)
Detector solenoid (DS)

Calorimeter

Tracker

Muon stopping target

I Searches for charged lepton flavor violation µN → eN

I New physics reach complementary and exceeding the LHC

I Almost 3× 1010 stopped muons/s during spill

I Muon decays and interactions produce hits in detector
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µ− in aluminum: 40% decay and 60% capture

Tracker design:

I Good acceptance for
pt > 100 MeV/c

I No hits from most electrons from
muon decay in orbit (DIO)
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µ− in aluminum: 40% decay and 60% capture

Muon nuclear capture: a beta decay relative

(A,N)→ (A,N + 1) + e− + ν̄e beta decay
(A,N) + e− → (A,N − 1) + νe electron capture
(A,N) + µ− → (A,N − 1) + νµ muon capture

I Muon: 105 MeV rest mass
I Nuclear physics on steroids
I Energetic n, p, γ, deuteron, t , α, . . . emission
I Proton E = 2.6 MeV has p = 70 MeV/c: hits in Mu2e
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Mu2e proton absorber

I Few percent of 1010:
large hit rate

I Suppression:
“proton absorber”

I Plastic shell
I Stops proton and

deuteron tracks
I Degrades signal

resolution

How thin/small can it be to still protect the tracker?
Need to know rates and spectra of capture products.
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Previous measurements: normalization

Per-capture probabilities from activation experiments

I G. Heusser and T. Kirsten, Nucl. Phys. A 195, 369 (1972).
P(27

13Al + µ− → 24
11Na + ν + p + 2n) = 3.5± 0.8%

I A. Wyttenbach et al., Nucl. Phys. A 294, 278 (1978)
P(27

13Al + µ− → 25
11Na + ν + p + n) = 2.8± 0.4%

=⇒ at least 6% of inclusive charged particles per capture on Al

The technique does not tell np from d in the final state

Some other channels (different neutron multiplicities) may have
similar probabilities.
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Previous measurements: composition
Y. G. Budyashov et. al, Sov. Phys. JETP 33, 11 (1971)

40Ca
28Si

32S 40Ca

64Cu

No measurement for Al
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Previous measurements: spectrum shape
K.S. Krane et. al, PRC20(1979)1873

I Measurement for Al
I But only the tail:

E > 40 MeV
(p > 277 MeV/c)

I 1.4× 10−3/capture integral
I No PID reported
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Previous measurements: spectrum shape
S.E. Sobottka, E.L. Wills, PRL20(1968)596

I Got the peak!
I At ≈ 2.5 MeV
I Caused by the

Coulomb barrier of
the nucleus

I Inclusive p + d + . . .
spectrum (no PID)

I Measurement on Si:
target = detector

I 2.5 MeV proton range is
61 µm Al. . .

Capture in Si

Andrei Gaponenko 10 2015-02-06



Previous shape measurement with PID
H. Morinaga, W.F Fry, Nuovo Cimento Ser. 9 vol 10 (1953) 308

I Full spectrum shape
I Particle ID

I “proton” vs α
I d and t included

into “proton”
I Low statistics
I Photo emulsion: no

target material
choice

one prong

two prong

AgBr target

Muons at U Chicago cyclotron
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Summary on muon capture on aluminum

I There is a lack of experimental data on charged particle
emission from µ− capture on Al:

I The “bulk” part of the spectra has not been measured
I No measurement of the composition

I Mu2e cares about those “details”
I What can we do?
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“Never throw away your old data”

I Use an existing TWIST dataset to measure charged
particles from µ− capture on Al

I Extend to a lower energy range than previous Al results
I Determine both spectrum shape and normalization
I Some PID capability
I Advance understanding of the muon capture physics
I First measurement of µ− capture with a tracker

The competition

I The AlCap collaboration at PSI
I Dedicated setup to measure µ− capture on Al
I Calorimetric measuremenent using Si detectors

=⇒ very different backgrounds and systematics
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Stop one muon at a time
Measure decay positron spectrum
At a 10−4 level of accuracy
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T WIST primary physics

I Lorentz structure of the
weak force

I muon decay parameters
ρ, η, Pµξ, δ

I Search for BSM physics
I Several years of µ+ data
I Detector and software

understood and calibrated
at a 10−4 level

I The results will dominate
the field for years to come
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G. Marshall’s Wine&Cheese talk on 2012-07-11
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T WIST “opportunistic” dataset

I A week of µ− beam
I 80 Hz instead of

2–5 kHz of µ+

I Primary motivation:
decay in orbit
spectrum

I Al target: same
material as Mu2e

I Some discrepancy
with the theory curve

Decay of negative muons bound in 27Al
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We present the first measurement of the energy spectrum up to 70 MeVof electrons from the decay of

negative muons after they become bound in 27Al atoms. The data were taken with the TWIST apparatus at

TRIUMF. We find a muon lifetime of ð864:6� 1:2Þ ns, in agreement with earlier measurements. The

asymmetry of the decay spectrum is consistent with zero, indicating that the atomic capture has

completely depolarized the muons. The measured momentum spectrum is in reasonable agreement

with theoretical predictions at the higher energies, but differences around the peak of the spectrum

indicate the need for Oð�Þ radiative corrections to the calculations. The present measurement is the most

precise measurement of the decay spectrum of muons bound to any nucleus.

DOI: 10.1103/PhysRevD.80.052012 PACS numbers: 13.35.Bv, 14.60.Ef, 21.30.Fe

I. INTRODUCTION

An elementary charged particle can form an atomic
bound system when it replaces an atomic electron and/or
a nucleus. Such exotic atoms present interesting systems
for both basic and applied research, in topics ranging from
quantum chemistry (e.g. pionic atom chemistry [1]),
Coulomb three body systems (positronium ions [2]),
muon-catalyzed nuclear fusion [3], QED tests (Lamb shift
[4]), weak interactions (muon capture [5]), strong interac-
tions (hadronic shifts [6]), as well as fundamental symme-
try tests (antihydrogen, antiprotonic helium [7]).

The atomic structure of exotic atoms consisting of a
heavy negative particle and a nucleus has an unusual
feature that, because of the larger mass M of the negative
particle, its characteristic distance scale is smaller by
�me=M than that of the ordinary atoms, and the
Coulomb interactions are correspondingly larger. The av-
erage potential energy and the particle velocity, respec-
tively, are V ��ðZ�Þ2M, and �� Z�, where Z is the

nuclear charge. Thus, these exotic atoms exhibit bound-
state effects that are significantly more pronounced than in
ordinary atoms.
A unique process that takes place in some classes of

exotic atoms is disintegration by decay of the short-lived
constituent. The properties of such short-lived particles,
such as the lifetime and the decay product energy spec-
trum, are modified in the presence of the external fields of
its binding partner. Recently, universal bound-state prin-
ciples based on gauge symmetry have attracted interest.
These connect, for example, decay properties of electro-
magnetically bound exotic atomic states to those of heavy
mesons, quark-antiquark systems bound by the quantum
chromodynamic gauge force [8–10]. The muonic atom is a
system in which the decay properties can in principle be
calculated very precisely, due to the purely leptonic nature
of muon decay. Combined with the strongly enhanced
Coulomb interaction discussed above, it provides a sensi-
tive testing ground for our basic understanding of bound-
state modifications of elementary processes.
Apart from its own interest as an exotic atomic system,

there is currently considerable interest in muonic alumi-
num atoms in the context of searches for muon conversion
to an electron. Two very ambitious proposals, Mu2e at
Fermilab [11] and COMET at J-PARC [12], both propose

*alexg@triumf.ca
†Also at University of Victoria, Victoria, BC, Canada.
‡Also at University of Calgary, Calgary, AB, Canada.
xAlso at University of Saskatchewan, Saskatoon, SK, Canada.

PHYSICAL REVIEW D 80, 052012 (2009)

1550-7998=2009=80(5)=052012(8) 052012-1 � 2009 The American Physical Society

Andrei Gaponenko 18 2015-02-06



Theory response

Michel decay spectrum for a muon bound to a nucleus

Andrzej Czarnecki,1 Matthew Dowling,1,* Xavier Garcia i Tormo,1,† William J. Marciano,2 and Robert Szafron1
1Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2G7

2Department of Physics, Brookhaven National Laboratory, Upton, New York 11973, USA
(Received 12 June 2014; published 4 November 2014)

The spectrum of electrons from muons decaying in an atomic bound state is significantly modified by
their interaction with the nucleus. Somewhat unexpectedly, its first measurement, at the Canadian
laboratory TRIUMF, differed from basic theory. We show, using a combination of techniques developed in
atomic, nuclear, and high-energy physics, that radiative corrections eliminate the discrepancy. In addition to
solving that outstanding problem, our more precise predictions are potentially useful for interpreting future
high-statistics muon experiments that aim to search for exotic interactions at 10−16 sensitivity.

DOI: 10.1103/PhysRevD.90.093002 PACS numbers: 13.35.Bv, 36.10.Ee

Muons are very special elementary particles. They
exhibit essentially the same electroweak interactions as
electrons; however, their much larger mass (mμ ≃ 207me)
endows them with some important features. Most note-
worthy is the free muon decay rate which stems from its
decay mode μ → eν̄eνμ. The differential decay rate as a
function of the electron energy [1,2] (neglecting m2

e=m2
μ

and Oðα2Þ effects [3]) is given by

dΓfree

dx
¼ G2

Fm
5
μ

192π3
x2
�
6 − 4xþ α

π
fðxÞ

�

x ¼ 2Ee

mμ
0 < x ≤ 1; ð1Þ

where α ¼ 1=137.035999173ð35Þ [4], GF is the Fermi
constant, and fðxÞ represents rather large, complicated
radiative corrections that can significantly modify the
electron spectrum. The function fðxÞ is explicitly given by
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The first term in the equation above is enhanced by the
large logarithm lnðmμ

me
Þ. These large corrections vanish when

integrated over the electron energy, as expected, due to the
Kinoshita-Lee-Nauenberg (KLN) theorem [5,6].
The experimental lifetime of a μþ stopped in matter,

τμ ¼ 2.1969803ð22Þ × 10−6 s (the most precise lifetime
measurement for any unstable state [7]) determines the
strength of weak interactions quantified by GF ¼
1.1663788ð7Þ × 10−5 GeV−2. Comparing it with the
fine-structure constant and other high-precision electro-
weak observables, led to predictions for the top-quark and
Higgs-scalar masses, before their discovery.
What happens when a μ−, rather than a μþ, is slowed

down in matter? In vacuum the μþ and μ− lifetimes must be
the same [8]; but in matter, their decays can appear quite
different. As the μ− loses energy and starts to come to rest,
it gets bound to nuclei of charge Z due to their attractive
Coulomb potential. The μ− quickly cascades down to the
lowest 1S atomic orbital, where it remains in a quantum
wave function with a momentum distribution for which its
average velocity is hβi≃ Zα. The decreased energy of the
bound muon causes the decay-in-orbit (DIO) rate to slow
down. In addition, the electron produced in the decay feels
the same binding interaction, which increases its wave
function near the decay region, and thus the decay
probability. Interestingly, these two effects approximately
cancel [9,10] due to electromagnetic gauge invariance, and
the difference between the overall decay rates of free and
bound μ− is mainly due to the time dilation resulting from
the bound muon’s motion. (In matter, a μ− can also undergo
capture, μp → νμn, which changes its effective lifetime
[11,12]. We do not discuss that process here.)
While Coulombic interactions with the nucleus do not

significantly modify the overall DIO rate (about a 0.5%
reduction from time dilation), they do make important
changes to the spectrum of decay electrons.
As a result of the muon’s velocity distribution, the

spectrum in Eq. (1) is Doppler shifted and smeared.
These effects render the radiative corrections embodied

*Present address: Institute for Theoretical Particle Physics,
KIT, D-76128 Karlsruhe, Germany.

†Present address: Albert Einstein Center for Fundamental
Physics, Institut für Theoretische Physik, Universität Bern,
Sidlerstrasse 5, CH-3012 Bern, Switzerland.
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“The spectrum of electrons from muons decaying in an atomic
bound state is significantly modified by their interaction with the
nucleus. Somewhat unexpectedly, its first measurement, at the
Canadian laboratory TRIUMF, differed from basic theory. . . ”

I Radiative corrections
are important

I New calculation is in
excellent agreement
with data
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TWIST µ− capture revival

I The possibility of measuring capture protons was
discussed at the time of the DIO measurement

I Did not have resources or motivation to pursue it
I T WIST experiment is now officially completed

After joining Mu2e I decided to give captures another look

I Data tapes and some computing still available
I Posted a feasibility study to TWIST mailing list in 2013
I 5 more collaborators joined; everyone is part-time
I Weekly meetings dedicated to the capture analysis
I Work towards an about 15% measurement of the proton

yield and spectrum—not 10−4!
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The analysis team

G. Marshall A. Hillairet A. Olin

R. Mischke A. Grossheim A. Gaponenko

Thanks to our computer wizard K. Olchanski!
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T WIST detector
99.999% pure Al
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Event selection: muon stops

I Number of triggers in the dataset: 2.1× 107

I Identify and remove cross talk hits
I Group hits in time
I Trigger time window: require hits up to the stopping target

(PC6) upstream, no hits downstream =⇒ 1.1× 107 events
I Require that the muon stopped in the target, not in gas or

wires before it =⇒ 7.1× 106 events
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The target stop cut

PC5, PC6 at lowered voltage (1600 V vs 2050 V): sacrifice
electron efficiency for unsaturated muon pulse width
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The distribution for µ− is similar
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Event selection: downstream decay candidates

First after trigger time window:
I Require a hit in PC7
I Veto beam pile-up (PC1–PC4)
I Timing cuts w.r.t trigger and pile up particles
I =⇒ 2.3× 106 “Dn candidate” events
I Efficiency of cuts up to this point is the same for DIO and

reconstructable captures: reduced systematic on
normalization

I Branch after this point
I Count decays in orbit for normalization
I Reconstruct tracks from capture particles
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Normalization: DIO tracks

I Use µ− → e−νν̄
downstream decays

I Our µ− sample is not
polarized
PRD80(2009)052012

I Electron reconstruction in
T WIST is well
understood

I From electron track count:
2.69× 107 muon stops

Electron spectrum
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Reconstructing proton tracks

T WIST was optimized to reconstruct e+ tracks

Proton tracks are different:
I High momentum =⇒ not radially contained

I large acceptance correction
I Large energy loss, non-helical trajectory: harder to fit
I Short range at lower energies

I Include PCs in pattern recognition
I The lowered HV breaks detector symmetry
I Precludes using upstream tracks for mucapture analysis

I High ionisation density
I cross talk is larger than for electron tracks
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Reconstructed spectrum of positive tracks
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Identifying the deuterons

I There are proton and deuteron tracks in data
I We want to correct for detector effects
I Energy loss for p and d is different
I Need particle ID
I Some tracks stop in the detector
I Look at range vs momentum for that subsample
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Particle ID for contained tracks
proton MC deuteron MC
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Analysis channels

I Use track range as a PID
discriminator

I Tracks exiting the detector
do not provide PID

I Still carry information
about momentum
distribution

I Use all tracks: “contained”
and “uncontained”
exclusive analysis
channels
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Acceptance× efficiency
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Resolution
Protons
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From detector to physics distributions: a sketch

Data observables
bins contents {mi} in the exclusive analysis channels

contained
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Simulate detector response R
Generator spectrum {νj} =⇒ reco expectation values {µi}:
µi = Rproton

ij νproton
j + Rdeuteron

ik νdeuteron
k + bi

I Background: fixed shape DIO, fit normalization
I Proton and deuteron spectra ν: free smooth shapes
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Sketch–2: representing free shapes

Smooth function ν(p)

ν(p) =
∑

k

wkBk (p)

Bk are basis splines,
wk are coefficients:
our fit parameters
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Sketch–3: Ill posed problem and regularization

Naïve fit
Poisson(data|prediction(wk ))→ max

gives “random noise”. Reduce the variance of wk at the
expense of a bias:

Poisson(data|prediction(wk )) + αS(wk )→ max

α is the regularization strength.
We use the maximum entropy term

S(wk ) = −
∑

generator bin

pi log(pi) where pi = νi/
∑

ν
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Data spectrum: contained tracks
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Data spectrum: uncontained tracks
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Unfolded protons
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MECO note 34

PRELIMINARY!
No systematic uncertainties

An indication the spec-
trum is harder than pre-
viously assumed.

Integral
0.031/capture

Integral
0.048/capture

MECO note 34 by Ed Hungerford is a “best guess” based on old measurements.
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Unfolded deuterons
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MECO note 34 by Ed Hungerford is a “best guess” based on old measurements.
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Correlations in the fitted spectra
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I DIO background is not
correlated with other fit
parameters (|r | < 0.3)

I The rest of correlations is
shown on this slide on a
color scale

1−
0.8−
0.6−
0.4−
0.2−

0

0.2
0.4
0.6

0.8
1

deuteron momentum, MeV/c
140 160 180 200 220

de
ut

er
on

 m
om

en
tu

m
, M

eV
/c

140

160

180

200

220

Andrei Gaponenko 41 2015-02-06



Systematic uncertainties

I The chambers are 100% efficient for min. ionising particles
I The detector is very thin (about 2 mg/cm2 per chamber)
I The materials are extremely well characterized and

validated in MC
I Expect efficiency and energy loss differences between data

and MC to be small

I Cross talk
I not simulated—does not cancel between data and MC

I Unfolding bias
I The muon stopping position systematic
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Stopping distribution systematic

I The target is 71.6± 0.5 µm thick
aluminum foil

I Muon stop positon inside the
target affects the invisible ∆E

I The tails of the muon stopping
distribution (out of target stops)
contain information about the
average stopping position.
It was known to 2 µm for the µ+

analysis
I Working to determine it for the µ−

stopping distribution
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Prospects: the hit-based channel

I Particle momentum is
correlated to range

I Correlated to the number
of hits in detector

I Use hit multiplicities to
constrain the spectrum
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Acceptance× efficiency with the hit-based channel
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Hit distribution in data vs MC
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Summary

I Emission of charged particles from µ− capture on Al
I The highest rate part of the ejected proton spectrum has

not been measured until now
I Of interest to Mu2e and COMET

I Ejected proton spectrum from µ−Al measured down to

p = 80 MeV/c Ek = 3.4 MeV Our result
p = 277 MeV/c Ek = 40. MeV Previous measurement

I Systematic uncertainties are being evaluated
I Adding the “hit-based” analysis channel can further extend

the range and reduce uncertainties on the result
I This is a difficult measurement. Cross checks are

important. We are looking forward towards AlCap results.
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Extra slides
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T WIST wire chambers

44 DC’s
I 80 wires per plane
I 4 mm pitch
I DME gas: 50–100 µm

position resolution

12 MWPC’s
I 160 wires per plane
I 2 mm pitch
I CF4/Isobutane:

. 20 ns time resolution

Wire position residuals for 70 planes

σ = 3.3 µm

Longitudinal accuracy:
30 µm over 1 m = 3× 10−5
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AlCap status
See arXiv:1501.04880
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